r The membrane-associated guanylate kinase (MAGUK) family of synaptic scaffolding proteins anchor glutamate receptors at CNS synapses.
Introduction
Regulation of the formation, maintenance and turnover of glutamatergic synapses in the central nervous system is critical for information processing by the brain. Functional characteristics such as synapse stability and plasticity rules vary between classes of synapses, as well as within a class of synapses over the lifetime of the animal. One underlying difference leading to functional diversity is the protein make-up of each class of synapse, selected from the proteins expressed in each class of neurons. During development, proteins expressed by a class of neurons may undergo a stereotyped change, termed a developmental switch. Hippocampal CA1 neurons undergo a well-characterized developmental switch. By the end of the second postnatal week, Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) emerges as the calcium sensor for long-term potentiation (LTP) (Yasuda et al. 2003) , GluN2A-containing NMDA receptors begin localizing to synapses (Gray et al. 2011) , and postsynaptic density protein 93 (PSD-93)/postsynaptic density protein 95 (PSD-95) replace synapse-associated protein 102 (SAP102) as the predominant membrane-associated guanylate kinase (MAGUK) at synapses (Sans et al. 2000; Elias et al. 2008) . Following the switch, the AMPA receptor (AMPAR)/NMDA receptor (NMDAR) ratio increases and there is a rapid increase in dendritic spine density, such that by the end of the third postnatal week, CA1 hippocampal neurons have spine densities essentially matching those seen in adult (Kirov et al. 2004) . Other brain regions undergo periods of enhanced plasticity and synapse turnover, including the pruning of climbing fibres in the cerebellum (Crepel, 1982) , the formation of tonotopic maps in auditory cortex (Zhang et al. 2001) , and the emergence of layer 2/3 sensory maps in barrel cortex (Hensch, 2004) . It is not known whether hippocampal development includes a parallel period of heightened synapse turnover.
In CA1 neurons, glutamate receptors are localized to the synapse by the MAGUK protein family of synaptic scaffolding proteins: PSD-93, PSD-95 and SAP102 (Elias & Nicoll, 2007) . Knockdown of the MAGUKs in cultured neurons causes loss of the major part of excitatory synaptic transmission (Levy et al. 2015) . Furthermore, loss of PSD-95 increases the number of AMPA-silent synapses in both young and old animals (Béique et al. 2006; Huang et al. 2015) , indicating that MAGUK abundance is a critical determinant of synaptic strength throughout development. Furthermore, germline removal of both PSD-93 and PSD-95 causes a reduction in animal weight and decrease in hippocampal AMPAR transmission by 3-5 weeks after birth, indicating that these proteins are necessary for proper development early in the animal's life (Elias et al. 2006) .
The results from the PSD-93/PSD-95 knockout animal imply that the MAGUKs play a key developmental role in the CA1 region of the hippocampus. While numerous studies in immature and reduced systems have implicated the MAGUKs as critical scaffolding proteins at the synapse, little work has been done to directly address whether MAGUKs are necessary for proper synaptic function in adult animals. In this study, we use viral injection of a chained microRNA (miRNA) to knock down the three MAGUKs in adult animals. We found that removal of the MAGUKs has little acute effect on either AMPAR-or NMDAR-mediated transmission in adult animals, instead reducing excitatory transmission only after several weeks. In contrast, injection of this virus in young animals or in utero electroporations of the miRNA construct cause large acute reductions in excitatory transmission that are maintained into adulthood. Furthermore, we find that viral knockdown of the MAGUKs in adult dentate gyrus causes an acute reduction of excitatory transmission, as observed in young CA1. We additionally show that overexpression of PSD-95, which enhances transmission threefold in juveniles, has little effect in adults, leading us to conclude that hippocampal synapses in mature animals are much more stable than in juveniles.
Methods

Ethical approval
All experiments were performed in accordance with established protocols approved by the University of California San Francisco Institutional Animal Care and Use Committee as required by the US Animal Welfare Act and the Public Health Service Policy on Humane Care and Use of Laboratory Animals. Animals were obtained from Charles River Laboratories (Wilmington, MA, USA).
Experimental constructs
The triple MAGUK miRNA construct targeting PSD-93, PSD-95, and SAP102 was made using sequences that have been previously characterized (Elias et al. 2006; Levy et al. 2015) . The resulting green fluorescent protein (GFP)-miRNA constructs were subcloned into FUGW for lentiviral expression. PSD-95::GFP was cloned by fusing EGFP directly to the C-terminus of PSD-95. The resulting fusion protein was cloned into FUGW.
Lentivirus production
Three T-75 flasks of rapidly dividing HEK293T cells (ATCC; Manassas, VA, USA) were transfected with FUGW-MAGUK miRNA or FUGW-PSD-95::GFP, plus helper plasmids pVSV-G and psPAX2 using FuGENE HD (Promega, Madison, WI, USA) according to the manufacturer's directions. Forty hours later, supernatant was collected, filtered and concentrated using the PEG-it Virus Precipitation Solution (System Biosciences, Palo Alto, CA, USA) according to the manufacturer's directions. Resulting pellet was resuspended in 400 μl Opti-MEM (Thermo Fisher Scientific, Waltham, MA, USA) or phosphate-buffered saline (PBS), flash-frozen, and stored at -80°C.
Viral injections
Rat viral injections were performed at P8 or P30-P35. Anaesthesia was induced with 4-5% isoflurane and maintained by 1.5-2.5% isoflurane. Meloxicam (5-10 mg kg −1 ) was injected subcutaneously as a preemptive analgesic. Animals were immobilized on a heating pad using a stereotaxic frame. For P8 injections, ear and palate bars designed for young rats (David Kopf Instruments, Tujunga, CA, USA) were used. Viral suspension was injected bilaterally at 500 nl min −1 via a Hamilton 88011 syringe (Hamilton, Reno, NV, USA) driven by a Micro4 microsyringe pump (WPI, Sarasota, FL, USA); x, y coordinates used were ±4.45, -4 relative to bregma. Two injections of 250 nl were made at z = -5.1 and z = -4.5 relative to brain surface. For P30-P35 injections, x, y coordinates used were ±4.5, -4.85. Two injections of 500 nl were made at z = -5.2 and z = -4.7.
Acute slice preparation
Acute slices were prepared as previously described (Shipman et al. 2013) , except isoflurane was used for rat anaesthesia, and a low dose of ketamine/xylazine given for analgesia.
Slice electrophysiology
Organotypic hippocampal slice cultures were made as previously described . Slices from P6-P8 rats were virally transduced at 1 day in vitro (DIV). Virus (2.3-4.6 nl) was microinjected into the CA1 region using a Nanoject (Drummond Scientific, Broomall, PA, USA). Recordings were performed at DIV 7-8. Dual whole-cell recordings in area CA1 were performed by simultaneously recording responses from a fluorescent transfected neuron and neighbouring untransfected control neuron. Pyramidal neurons were identified by morphology and location. Series resistance was monitored on-line, and recordings in which series increased to > 30 M or varied by > 50% between neurons were discarded. Acute slice recordings used an external solution bubbled with 95% O 2 -5% CO 2 consisting of (in mM): 119 NaCl, 2.5 KCl, 4 CaCl 2 , 4 MgSO 4 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 11 glucose. To block inhibitory currents 100 μM picrotoxin was added. To control epileptiform activity in cultured slices, Ca/Mg was increased to 4 CaCl 2 , 4 MgSO 4 and 0-2 μM 2-chloroadenosine was added. Intracellular solution contained 135 CsMeSO 4 , 8 NaCl, 10 HEPES, 0.3 EGTA, 5 QX314-Cl, 4 MgATP, 0.3 Na 3 GTP, 0.1 spermine. A bipolar stimulation electrode (FHC, Bowdoin, ME, USA) was placed in stratum radiatum, and responses were evoked at 0.2 Hz. Peak AMPAR currents were recorded at -70 mV, and NMDAR current amplitudes 100 ms following the stimulus were recorded at +40 mV. Responses were collected with a Multiclamp 700A amplifier (Molecular Devices, Sunnyvale, CA, USA), filtered at 2 kHz, and digitized at 10 kHz.
Anatomy and imaging
Slice cultures were maintained and transfected as described above. Images were acquired at DIV 8 on a Nikon Ti-E microscope with a Yokogawa CSU-22 confocal scanning unit using a ×60 oil-immersion objective. Individual slices were immersed in HEPES-artificial cerebrospinal fluid (ACSF; 140 NaCl, 5 KCl, 5 EGTA, 1.4 MgSO4, 1 NaH2PO4, 10 glucose, 10 HEPES, pH 7.2) and live-imaged using PSD-95::GFP to identify transfected neurons. Acute slices were fixed in 4% paraformaldehyde-4% sucrose in PBS and washed 3× with PBS. To amplify the GFP signal after fixation, slices were then blocked and permeabalized in 3% BSA in PBS containing 0.1% Triton X-100 (PBSTx) and stained with primary antibody against GFP (2 μg ml −1 , A-11122, Life Technologies/Thermo Fisher Scientific) followed by washes in PBSTx and staining with Alexa 488-conjugated secondary (4 μg ml −1 , A-11034, Life Technologies/Thermo Fisher Scientific). Slices were mounted in SlowFade Gold (Life Technologies/Thermo Fisher Scientific) for imaging.
Statistical analysis
Significance of evoked simultaneous whole-cell recordings compared to controls was determined using Wilcoxon's signed-rank sum test. Statistical comparisons between sets of paired data were done using the Mann-Whitney U test on expt/control ratios. All tests used P = 0.05 as the threshold for significance.
Results
AMPAR-mediated transmission correlates with MAGUK abundance in young animals
The MAGUK proteins have been shown to be critically important for excitatory synaptic transmission in cultured hippocampal slices (Elias et al. 2006; Schluter et al. 2006; Levy et al. 2015) . We therefore wanted to examine the role of MAGUK proteins in vivo. Studies of knockout J Physiol 595.5 mice do not allow for examination of acute protein loss in mature animals, so we stereotaxically injected animals either with lentivirus expressing miRNA targeting PSD-93, PSD-95 and SAP102 (Levy et al. 2015) to knock down MAGUK expression, or expressing a PSD-95::GFP fusion protein to overexpress PSD-95. First, to determine whether our viral manipulations replicated the reported effects of MAGUK manipulations, we microinjected organotypic cultures made from P6-P8 animals at DIV 1 (in vitro day 1) and on DIV 7-8 simultaneously recorded from pairs of transduced and neighbouring control neurons in area CA1 while evoking EPSCs by stimulation of Schaffer collaterals. EPSCs from each transduced neuron were then normalized to the simultaneously recorded 
Figure 1. Changing MAGUK abundance causes correlated glutamatergic transmission changes in young animals
A, MAGUK overexpression in organotypic slice cultures enhances AMPAR but not NMDAR EPSCs (AMPAR 317.9 ± 60.2% control, n = 12, P = 0.0093; NMDAR 119.1 ± 27.2% control, n = 10, P = 0.43). B, MAGUK overexpression by stereotaxic viral injection at P8 enhances AMPAR but not NMDAR EPSCs at P16 (AMPAR 354.0 ± 51.7% control, n = 11, P = 0.001; NMDAR 114.3 ± 19.5% control, n = 11, P = 0.52). C, overexpression in slice cultures and young animals is not significantly different (culture vs. in vivo AMPAR P = 0.52; NMDAR P = 0.90). D, MAGUK knockdown in organotypic slice cultures reduces AMPAR and NMDAR EPSCs (AMPAR 27.9 ± 3.9% control, n = 11, P = 0.0010; NMDAR 56.5 ± 9.8% control, n = 11, P = 0.0029). E, MAGUK knockdown by stereotaxic viral injection at P8 decreases AMPAR but not NMDAR EPSCs at P16 (AMPAR 24.5 ± 5.7% control, n = 18, P < 0.0001; NMDAR 94.2 ± 18.3% control, n = 13, P = 0.84). F, knockdown in slice cultures and young animals is not significantly different (culture vs. in vivo AMPAR P = 0.23; NMDAR P = 0.20). G, MAGUK knockdown by in utero electroporation at E17.5 reduces AMPAR and NMDAR EPSCs at P16 (AMPAR 22.6 ± 5.9% control, n = 15, P < 0.001; NMDAR 70.0 ± 11.7% control, n = 15, P = 0.015). Open circles indicate individual data points, filled circles indicate dataset mean ± SEM. [Colour figure can be viewed at wileyonlinelibrary.com] control. We found that overexpression of PSD-95::GFP tripled AMPAR EPSCs without changing NMDAR EPSCs (Fig. 1A and C) . We next stereotaxically injected the PSD-95::GFP virus into P8 animals and waited 7-9 days, until P15-17. We then made acute slices and performed simultaneous whole-cell recordings. We found that overexpression of PSD-95 in vivo increased AMPAR EPSCs threefold without changing NMDAR EPSCs, in agreement with our experiments in slice culture (Fig. 1B and C) . These experiments together indicate that our viral overexpression of PSD-95 robustly enhances AMPAR EPSCs in slice cultures, as has been previously reported with both biolistic transfection and viral transduction, and that cultured brain slices retain the characteristics of the immature brains from which they are made.
We next determined the effects of miRNA-mediated knockdown of the MAGUKs. Viral knockdown of the MAGUKs in organotypic cultures caused a reduction in AMPAR EPSCs to 27% of controls, and a decrease in NMDAR EPSCs to 45% of controls ( Fig. 1D and F) , as has been previously reported (Levy et al. 2015) . Injection into intact brains at P8 reduced AMPAR EPSCs to 25% of controls, in agreement with our data from slice cultures. Interestingly, however, NMDAR EPSCs were unaffected by MAGUK knockdown (Fig. 1E and F) . One underlying difference between acute and cultured slices is that fibres sectioned during the cutting process degenerate over the course of the first day, destroying the majority of synapses Muller et al. 1993) . In cultured slices, the synapses then re-form in the absence of MAGUKs, but acute slice recordings are made without this synapse re-formation. To record from acute slices containing synapses that have formed in the absence of MAGUKs, we performed in utero electroporations of the MAGUK miRNA, which transfect the neuronal progenitors on the ventricle wall, before creation of the postmitotic neuron, and recorded at P15-17. We found an AMPAR EPSC reduction to 25% of control, as in P8 injections, and an NMDAR EPSC reduction to 70% of control, indicating that synapses formed in the presence of the MAGUK miRNA have reduced NMDAR EPSCs (Fig. 1G) . We therefore conclude that cultured slices from young animals share many similarities with acute brain slices from the corresponding time point, and furthermore that our manipulations appear to work similarly in cultured and acute slices.
Acute changes in MAGUK content do not affect postadolescent animals
We next explored the effects of manipulating MAGUKs in more mature animals. We chose to perturb MAGUK levels at P30-P35 ( Fig. 2A) . Spine number increases during the first weeks of development, but by P30-P35 the developmental increase in spine number has been completed and there is little further net change (Kirov et al. 2004) , suggesting that the rate of synapse formation is slowed and existing synapses are potentially more stable. We first overexpressed PSD-95 using the same lentivirus as was used in younger animals. We found that in contrast to viral transduction at P8, stereotaxic injection of older animals caused a very modest increase in AMPAR EPSCs (Fig. 2B and G) . NMDAR EPSCs were unaffected, as in younger animals. Importantly, visualization of the PSD-95::GFP fusion protein demonstrated that the protein is capable of accumulating at spines (Fig. 2C) . From these data, we conclude that acute increases in the amount of PSD-95 protein are sufficient to drive increases in AMPAR EPSCs in young, but not old animals. Although overexpressed PSD-95 localizes to synapses in mature animals, synaptic composition must be regulated more tightly in one of two ways: either MAGUK levels are tightly controlled, such that the overexpressed MAGUK simply exchanges with wild-type MAGUK protein, or synaptic MAGUK levels increase but an additional downstream regulatory step blocks insertion of more AMPARs.
Injection of MAGUK miRNA in P30-P35 animals, followed by recording from acute slices roughly 1 week later, as done in our P8 and slice culture knockdown experiments, resulted in no change in AMPAR or NMDAR EPSCs ( Fig. 2D and H) . Alone, these data suggest that either MAGUKs are unnecessary over short periods in mature CA1 neurons, potentially due to a change in synapse composition or turnover dynamics, or an increase in the half-life of the MAGUK protein itself prevents efficient knockdown, as has been suggested by whole-brain protein turnover studies (Price et al. 2010) . We were next interested in whether the role of the MAGUKs might differ by region, as has been previously shown for the neuroligins (Shipman & Nicoll, 2012) . We therefore repeated these experiments in dentate gyrus, finding that overexpression of PSD-95 significantly enhanced AMPAR EPSCs (Fig. 2E  and G) , and strikingly, expression of the MAGUK miRNA decreased AMPAR and NMDAR EPSCs ( Fig. 2F and H) , precisely mimicking the MAGUK miRNA phenotype in CA1 in slice cultures (Fig. 2E-H) . From these experiments, we conclude that dentate gyrus mimics an immature brain in some respects, such as the turnover of the MAGUK protein. Furthermore, we are able to rule out a pervasive technical issue preventing efficient knockdown in adults.
Early loss of MAGUK has lasting effect
Since our results introduced the possibility that MAGUKs are not necessary in adult animals, we next wanted to explore whether MAGUK-independent glutamate receptor localization occurs in adults. If glutamate receptor localization is independent of MAGUKs in older animals, we might expect the AMPAR EPSC reduction caused by MAGUK knockdown in younger animals to be 
. Role of the MAGUKs in adult animals
A, schematic representation of experimental timeline. B, overexpression of MAGUKs in CA1 for 1 week ending at P40 slightly enhances AMPAR EPSCs with no change in NMDAR EPSCs (CA1 AMPAR 166.2 ± 20.0 % control, n = 14, P = 0.0006; NMDAR 88.5 ± 22.79% control, n = 13, P = 0.41). C, slice culture and adult acute slice sample images of dendrites in stratum radiatum at time of recording, showing PSD-95::GFP is not excluded from spines. Scale bar is 5 µm. D, knockdown of MAGUKs in CA1 for 1 week ending at P40 does not affect AMPAR or NMDAR EPSCs (AMPAR 98.1 ± 10.1% control, n = 26, P = 0.75; NMDAR 110.8 ± 14.5% control, n = 21, P = 0.36). E, overexpression of MAGUKs in DG for 1 week ending at P40 enhances AMPAR EPSCs with no change in NMDAR EPSCs (AMPAR 243.4 ± 33.9% control, n = 11, P = 0.002; NMDAR 115.5 ± 14.7% control, n = 11, P = 0.28). F, knockdown of MAGUKs in DG for 1 week ending at P40 reduces AMPAR and NMDAR EPSCs (AMPAR 17.9 ± 3.9% control, n = 13, P = 0.002; NMDAR 48.9 ± 10.8% control, n = 8, P = 0.0078). G, overexpression in CA1 at P8 enhances AMPAR EPSCs significantly more than in adults (AMPAR: P8 CA1 vs. Adult CA1 P = 0.021; P8 CA1 vs. Adult DG P = 0.054; Adult CA1 vs. Adult DG P = 0.40; NMDAR: all comparisons P > 0.05). H, knockdown in young CA1 or adult DG decreases AMPAR EPSCs significantly more than in adult CA1 (AMPAR: P8 CA1 vs. Adult CA1 P < 0.0001; Adult CA1 vs. Adult DG P < 0.0001; P8 CA1 vs. Adult DG P = 0.20; NMDAR: P8 CA1 vs. Adult CA1 P < 0.19; Adult CA1 vs. Adult DG P = 0.0015; P8 CA1 vs. Adult DG P = 0.0872). [Colour figure can be viewed at wileyonlinelibrary.com] transient, as MAGUK-independent synapse formation in older animals would erase the early deficit. If, however, MAGUKs are still necessary for synapse formation, either directly as a scaffolding protein, or indirectly, for example if MAGUK-independent mechanisms can only modulate existing MAGUK-dependent excitatory synapses, we would expect that in older animals glutamatergic current is still reduced as a result of a synapse formation deficit.
To test this, we injected virus at P8 and recorded neurons at P35-P40, the same age as the other recordings done in mature animals. We found that AMPAR transmission in mature animals did not recover, but rather remained reduced by ß75% (Fig. 3A-C) , exactly the effect seen in younger animals. Additionally, there is a decrease in NMDAR-mediated transmission, potentially secondary to long-term depression of AMPAR transmission. Interestingly, this decrease mimics the NMDAR EPSC decrease following slice culture transduction (Fig. 1D) . These results indicate that knockdown of the MAGUKs in young animals causes lasting reduction of AMPAR transmission, through P35-P40. This is in contrast to knockdown in adults, which has no effect (Fig. 2D) . We therefore conclude that there is no MAGUK-independent pathway underlying glutamatergic EPSCs in mature animals. Instead, it is likely that MAGUKs play an active role in mature animals, although we cannot rule out the idea that a transient early deficit in MAGUK-dependent AMPAR transmission may cause a lasting decrease at ages when the MAGUKs are no longer directly required. These results additionally are in agreement with data demonstrating that genetic removal of multiple MAGUKs via conventional mouse knockouts causes reductions in AMPAR transmission in mature animals (Elias et al. 2006) . 
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Figure 3. Effects of long-term MAGUK manipulation
A, schematic representation of experimental timeline. B, MAGUK knockdown from P8 into adulthood reduces AMPAR and NMDAR EPSCs (AMPAR 30.4 ± 5.8% control, n = 8, P = 0.0078; NMDAR 37.8 ± 5.8% control, n = 8, P = 0.0078). C, AMPAR EPSC after MAGUK knockdown from P8 into adulthood does not differ from reduction seen at early time points (P8-adult vs. P8-P16, P = 0.42; P8-adult vs. E17, P = 0.29). NMDAR EPSC does not differ from in utero knockdown (P8-adult vs. E17, P = 0.09), but is significantly decreased compared to short incubation at P8 (P8-adult vs. P8-P16, P = 0.02). D, overexpression of MAGUKs from P8 to adult causes no change in AMPAR or NMDAR EPSC (AMPAR 150.1 ± 23.8% control, n = 10, P = 0.08; NMDAR 87.6 ± 21.7% control, n = 9, P = 0.43). E, AMPAR EPSC increase caused by PSD-95 overexpression from P8 into adulthood is significantly smaller than the increase after short overexpression (P8-adult vs. P8-P16, P = 0.0079) and does not differ from overexpression during adulthood (P8-adult vs. P34, P = 0.75). NMDAR: all comparisons P > 0.05. 
Mature animals are not influenced by increases in MAGUK content
Previous experiments have found that PSD-95 overexpression occludes LTP (Stein et al. 2003; Ehrlich & Malinow, 2004) , indicating that overexpression of PSD-95 activates the same synapse strengthening pathways that are activated during LTP. It is not clear, however, whether activation of these pathways by PSD-95 overexpression induces a permanent increase in AMPAR transmission, or just an acceleration of the developmental increase in AMPAR-containing synapses (Hsia et al. 1998) . To test this hypothesis further, we overexpressed PSD-95 via P8 injection followed by recording in postadolescent animals at P37-P39, a time point at which net spine formation has slowed. If PSD-95 primarily accelerates the normal developmental programme, we would predict that overexpression throughout development and recording at an age at which control neurons have largely completed their early development would not dramatically enhance AMPAR currents compared to these controls. If, however, strengthening of synapses following PSD-95 overexpression functions to stabilize synapses that otherwise would be lost or promotes formation of new synapses, it might lead to a permanent increase in synapse number and AMPAR transmission in postadolescent animals. Previous experiments have shown that in utero overexpression of PSD-95 followed by recording at P15-P17 causes an increase in AMPAR transmission (Elias et al. 2008) , in agreement with our experiments finding increased AMPAR transmission in young animals after P8 injection. In adults, we found that overexpressing PSD-95 during development caused a very modest increase in AMPAR transmission with no change in NMDAR transmission (Fig. 3D-F) . This increase in AMPAR transmission was identical to that seen with overexpression in mature animals ( Fig. 2B ) and was significantly less than the large increase seen in juvenile animals (Fig. 1A) . We therefore conclude that MAGUK overexpression accelerates the natural developmental increase in AMPAR-containing synapses, possibly by promoting synapse unsilencing, without causing de novo formation of synapses or permanently bringing more AMPARs to existing synapses. Increased expression of PSD-95, either by overexpression of recombinant protein or by the natural increase in expression of the endogenous protein during development (Sans et al. 2000) increases AMPAR transmission, but PSD-95 overexpression alone is not sufficient to increase the number of AMPAR-containing synapses above the physiological complement present in the adult.
Increased resistance to MAGUK knockdown in adult
One possible difference between cultures and the intact brain could be an increase in the half-life of the MAGUK protein. In dissociated hippocampal cultures, the half-life of PSD-95 has been reported to be ß36 h (El-Husseini Ael et al. 2002) . In the intact brain, the half-life of PSD-95 has been reported to be on the order of 2 weeks (Price et al. 2010) , although this figure does not account for potential differences between brain regions. We expressed adult-injected miRNAs for long periods before recording to determine whether increased MAGUK protein half-life might necessitate longer miRNA incubations for effective knockdown. We chose two time points. First, we recorded from slices 2 weeks after injection. We saw a small but significant effect on AMPAR but not NMDAR EPSCs (Fig. 4A) . Additionally, this effect is much smaller than that reported previously in slice culture. To determine if this decrease could be increased with more time, we next recorded roughly 6 weeks after injection, around P75, finding that at this time point AMPAR transmission was reduced to 30% of control, equivalent to the reduction seen in slice cultures and young animals after 1 week ( Fig. 4B-D) . Interestingly, in contrast to young animals, in which a secondary NMDAR EPSC decrease appeared during long incubations, NMDAR transmission was unchanged following long incubations in adult animals. These results indicate that the MAGUKs play an essential role localizing AMPARs in adult rats, but knockdown requires a considerably longer incubation period than in the juvenile animals, either due to increased synaptic stability or increased stability of the MAGUKs themselves.
Discussion
This study provides a detailed analysis of the role of MAGUKs in vivo during the first 2 months of development. We found that removal of MAGUKs or overexpression of PSD-95 in young animals caused large correlated changes in AMPAR transmission. In contrast, these MAGUK manipulations in older animals had little acute effect. We further explored this surprising finding and showed that PSD-95 overexpression in young animals transiently enhanced AMPAR transmission by accelerating the endogenous synaptic developmental programme. We then showed that although acute removal of the MAGUKs in older animals had little effect, removal of the MAGUKs in younger animals caused a lasting decrease in AMPAR transmission into adulthood, suggesting that no MAGUK-independent localization of AMPARs occurs in adults. We resolved this apparent paradox by showing that MAGUK knockdown in mature animals caused AMPAR EPSC reductions only over very long time scales, potentially due to increased synapse stability or MAGUK protein half-life. Roughly half of the AMPAR EPSC reduction occurred by 2 weeks after MAGUK knockdown in adult animals, suggesting that the half-life of the MAGUKs is on the order of 2 weeks in adult CA1 hippocampal neurons. Our findings demonstrate that synapses are very responsive to changes in MAGUK abundance early in development, but in adult animals synapses are unaffected by acute changes in MAGUKs, consistent with increased CA1 synaptic stability in older animals.
Increased synapse stability in mature animals
Although LTP and LTD are readily induced in adult animals, anatomical synapse stability increases in these animals as the majority of spines become persistent (Holtmaat & Svoboda, 2009 ). Furthermore, this stability is mirrored by a general decrease in the turnover rate of many synaptic proteins (Hanus & Schuman, 2013) . Our study extends these findings by demonstrating that mechanistically synapses are considerably more resistant to perturbations of synaptic scaffolding proteins, indicating the postsynaptic density is potentially more stable as well. Further studies are required to determine the mechanisms underlying slowed turnover rates. Signalling pathways in the mature synapse are quite different from those in immature synapses, with the addition of GluN2A and CaMKII, among others (Sans et al. 2000) . Potentially, the appearance of these proteins could cue increased stability and reduce the immediate impact of MAGUK knockdown.
In cultured slices, overexpression of PSD-95 occludes LTP (Stein et al. 2003) and acts downstream of calcium influx, CaMKII and other known signalling molecules involved in LTP (Ehrlich & Malinow, 2004) . These results have been interpreted to mean that PSD-95 abundance regulates synaptic AMPAR localization, but overexpression of PSD-95 in cultured slices and immature animals is sufficient to overwhelm any regulation of synaptic PSD-95 abundance. Furthermore, they suggest that MAGUK abundance is a critical step in LTP, in agreement with data showing that PSD-95 abundance at potentiated synapses increases during the late phase of LTP (Bosch et al. 2014) . It is therefore interesting that although LTP can be robustly induced in P35-P40 rats (Shipman & Nicoll, 2012) , PSD-95 overexpression is insufficient to increase AMPAR EPSCs. These data suggest that increased synaptic stability in older animals mechanistically includes additional regulatory steps that prevent PSD-95 overexpression from increasing AMPAR EPSCs. This regulation may act to decouple increases in MAGUK abundance from AMPAR EPSC increases. 
Figure 4. Long-term MAGUK knockdown in adults reduces AMPAR EPSCs
A, P30-P35 viral transduction of MAGUK miRNA causes modest AMPAR EPSC reductions 2 weeks later with no change in NMDAR EPSCs (AMPAR 66.7 ± 10.2% control, P = 0.048, n = 10; NMDAR 108.4 ± 20.1% control, P = 0.92, n = 10). B, P30-P35 viral transduction of MAGUK miRNA causes large AMPAR EPSC reductions 6 weeks later with no change in NMDAR EPSCs (AMPAR 30.3 ± 6.0% control, P = 0.0039, n = 10; NMDAR 89.4 ± 17.5% control, P = 0.55, n = 10). C, summary graph showing AMPAR and NMDAR EPSCs for all MAGUK miRNA manipulations. MAGUK knockdown for 2 weeks in adults causes significantly milder AMPAR EPSC reduction compared to P8 injection plus a 1 week incubation (P = 0.0002), but 6 weeks' knockdown is indistinguishable (P = 0.52). NMDAR: all comparisons P > 0.05. D, normalized AMPAR or NMDAR EPSCs plotted against age.
[Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 595.5 dendritic spines in older animals (Fig. 2C) , it may only replace endogenous PSD-95. Therefore, it is also possible in older animals that synaptic MAGUK abundance is regulated independently of PSD-95 expression levels.
One alternative explanation for the perceived stability of synapses could be the emergence of redundant pathways for AMPAR localization in mature synapses. Other proteins such as MAGI-2 have been proposed to play a role in AMPAR trafficking (Deng et al. 2006) . However, our data that MAGUK knockdown from P8 to P40 results in a large AMPAR EPSC reduction argues strongly that no functionally redundant protein family exists in vivo at these time points. If MAGUK-independent AMPAR localization were happening in older animals, we would expect to see a recovery of synaptic transmission as synapses formed in a MAGUK-independent manner. Instead, only the small number of synapses left after MAGUK knockdown remain. Finally, while it is possible that the AMPAR EPSC deficit itself has a lasting effect and prevents functional recovery, it is worth noting that knockdown of SAP102 causes an AMPAR EPSC reduction but later recovers as functionally redundant proteins (PSD-93 and PSD-95) are expressed (Elias et al. 2008) .
Regional specificity of MAGUK dynamics
Our experiments with older animals demonstrated that in dentate gyrus, in contrast to CA1, MAGUK knockdown acutely causes a large decrease in AMPAR EPSCs. In this respect, the dentate gyrus appears similar to an immature CA1. Although adult neurogenesis is ongoing in dentate gyrus at 5 weeks of age (Cameron & McKay, 2001) , neurons born during our short incubation time represent a very small percentage of total dentate neurons. Furthermore, we avoided recording from neurons located near the hilar edge of the granule cell layer. It is therefore unlikely that our recordings were performed from the adult-born neurons themselves. One alternative possibility is that the dentate gyrus itself retains characteristics of an immature CA1. In support of this possibility, blocking adult-born neurogenesis reduces synaptic plasticity in the dentate gyrus (Massa et al. 2011) , suggesting the process of adult neurogenesis may generate paracrine factors that increase the plasticity of synapses in nearby mature dentate neurons. Alternatively, differential activity in young neurons may have circuit-level effects on the stability of nearby synapses (Aasebo et al. 2011) . Furthermore, loss of the neuroligins exhibits the same phenotypic pattern as seen with MAGUK knockdown: reductions in excitatory transmission in dentate gyrus and immature CA1, and no change in mature CA1 (Shipman & Nicoll, 2012) , arguing there is a broad difference between regions, rather than simply a difference in MAGUK dynamics. Further experiments are needed to determine the factors that control protein stability and synapse turnover in CA1 and dentate gyrus in vivo. While the mechanistic reasons for this difference remain unclear, one potential rationale for its existence could be the requirement of adult dentate gyrus, but not adult CA1, to efficiently integrate adult-born neurons into dentate circuits.
A hippocampal sensitive period
One intriguing implication of this data is the existence of a MAGUK-dependent hippocampal sensitive period, in which instability of MAGUKs and synapses in young animals increases CA1 plasticity. This possibility is supported by data demonstrating that critical periods with heightened spine turnover in other forebrain regions can be re-opened by removal of single proteins, such as Nogo Receptor 1 (Akbik et al. 2013) . Of particular interest, a recent study found that germline knockout of PSD-95 left open the critical period for ocular dominance plasticity in visual cortex (Huang et al. 2015) , indicating that changing MAGUK dynamics may play a role in ending critical periods. In our case, an increase in MAGUK stability may close a hippocampal sensitive period in CA1, while the dentate gyrus retains its immature plasticity into adulthood.
